In a cell-free system of uninfected HeLa cells, programmed with poliovirus RNA, extraneous radiolabelled 14S subunits assembled with endogenous 14S subunits and interacted with newly synthesized RNA to form virions (160S). This result suggests that 14S subunits are the key intermediates in the encapsidation of poliovirus RNA.
Despite many years of research, the assembly mechanism of poliovirus and other picornaviruses is still not understood (reviewed by Boeye! & Rombaut, 1992 ; Hellen & Wimmer, 1992 ; Putnak & Phillips, 1981 ; Rueckert, 1996) . Even after the complete primary structure of the poliovirus genome was elucidated (Kitamura et al., 1981) and the capsid structure of poliovirus was determined at the atomic level (Hogle et al., 1985) , important steps in the assembly pathway leading to the infectious virus remain obscure.
With the development of a cell-free system allowing the de novo synthesis of poliovirus (Molla et al., 1991 (Molla et al., , 1993 , a new attractive tool emerged to study poliovirus morphogenesis. A major problem in the study of poliovirus assembly is the physical barrier of the cell membrane (and other membranes), which makes it difficult to manipulate intracellular processes. For the isolation of poliovirus intermediates from an infected cell, an extraction procedure is required. This extraction procedure might alter the conformation of some intermediates, which can lead to artefacts (Rombaut et al., 1982 (Rombaut et al., , 1989 ). In the cell-free system, there is direct access to the virus replication machinery, and no such extraction procedure is required. Moreover, the relationship between poliovirus intermediates in an infected cell is not always easy to elucidate. Pulse-chase experiments carried out in infected cells may be difficult to interpret. In the cell-free system, in contrast, such a relationship between particles might be easier to study. Radiolabelled poliovirus intermediates (isolated from infected cells) can be added to a cell-free system and their behaviour can be followed.
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In this paper, evidence is presented that 14S subunits are indeed key assembly intermediates and that they interact, when added to the cell-free system, with de novo-synthesized viral RNA (vRNA) and assemble into virions.
A number of potential intermediates in poliovirus assembly have been identified (5S protomer, 14S subunits or pentamers, 45S particles, procapsids and provirions). Of these particles, the 14S subunits and procapsids (empty capsids isolated from infected cells) have been well characterized.
The 14S subunits or pentamers, which have the composition (VP0-VP1-VP3) & , are considered to be key assembly intermediates. They have been found in poliovirus-infected cells and in cells infected with other picornaviruses. Poliovirus 14S subunits are capable of self-association to form empty capsids in vitro (outside the cell). Finally, by using a temperature block, they can be made to accumulate in infected cells. After removal of the block, they can be chased into mature virions in the infected cell (reviewed by Boeye! & Rombaut, 1992 ; Hellen & Wimmer, 1992 ; Putnak & Phillips, 1981 ; Rueckert, 1996) . Procapsids, which are empty shells of composition [(VP0-VP1-VP3) & ] "# , were the first poliovirus-induced particles to be isolated from infected cells. Procapsids, which are sensitive to temperature and pH, have been regarded as poliovirus intermediates because they can be made to accumulate in infected cells by using a guanidine block and, after removal of the drug, can be chased into mature virions (Jacobson & Baltimore, 1968) . However, procapsids are not universally present in picornavirus-infected cells. Moreover, procapsids can easily dissociate into 14S subunits, a property that opens the possibility that they can act as a reservoir for 14S subunits (reviewed by Boeye! & Rombaut, 1992 ; Hellen & Wimmer, 1992 ; Putnak & Phillips, 1981 ; Rueckert, 1996) .
For our experiments utilizing the cell-free system, radiolabelled 14S subunits and procapsids were isolated from infected cells as described previously . Briefly, HeLa cells were infected with poliovirus type 1, Mahoney, at an m.o.i. of 50. After shut-off of host cell protein synthesis, [$&S]methionine was added and metabolic labelling of viral proteins was allowed for 1 h. Cells were then collected and disrupted by freeze-thawing and a cytoplasmic cell extract was prepared following the addition of NP-40. The 14S subunits and procapsids were isolated by sucrose gradient ultracentrifugation. To avoid any possible denaturation of the 14S subunits or the sensitive procapsids, the isolation of particles was carried out at low pH (6n5) and temperature (4 mC) . Determining their polypeptide composition (VP0-VP1-VP3) and their antigenicity (see below) characterized the 14S subunits (11 000 c.p.m.\µl) and the 74S procapsids (14 000 c.p.m.\µl), and they were stored at k80 mC until use.
Neutralizing MAbs have been raised against native poliovirus (N1 and N2 MAb) and heat-denatured poliovirus (virions heated for 20 min at 56 mC ; H MAb). These neutralizing MAbs have been mapped to interact with four neutralization antigenic sites (Boeye! & Rombaut, 1992 ; Diamond et al., 1985 ; Rombaut et al., 1983) at the surface of the virion (Page et al., 1988) . Of these neutralizing MAbs, only a subset, designated MAbs N1, recognized 14S subunits, whereas other MAbs, designated N2, do not (Rombaut et al., , 1990 . N1 MAbs interact with neutralization antigenic sites 1, 2 and 3A ; N2 MAb with site 3B. Interestingly, H antibodies also bind 14S subunits . The antigenicity of batches of both 14S subunits and 74S procapsids prepared here was determined with a protein A-aided immunoprecipitation assay . As expected, 14S subunits had [N1,H] antigenicity and 74S procapsids were [N1,N2] antigenic, being indistinguishable from virions (results not shown). Finally, we determined whether the 14S subunits prepared here were able to self-assemble. It was shown previously that 14S subunits can self-assemble into empty capsids at 37 mC, provided that their concentration is above a certain threshold (Rombaut et al., 1991) . As expected, 14S subunits at 1n9 nM protein selfassembled into empty capsids, whereas no self-assembly occurred when 14S subunits were diluted 1 : 5 (results not shown). It was also shown that procapsids were able to dissociate into 14S subunits at alkaline pH (Rombaut et al., 1982) .
The cell-free system for de novo synthesis of poliovirus described by Molla et al. (1991 Molla et al. ( , 1993 ) is the first system in which infectious virions can be synthesized when programmed only with vRNA. We were interested to study the behaviour of our radiolabelled 14S subunits and 74S procapsids in this cell-free extract of uninfected HeLa cells. The system is assembled from three components : (i) an S-10 extract of uninfected HeLa cells, (ii) salts, tRNAs and NTPs and (iii) an energy-generating system. The mixture is then programmed with poliovirus RNA. The detailed composition of the cell-free system will be described in a subsequent publication (Y. Verlinden, A. Cuconati, E. Wimmer and B. Rombaut, unpublished results). Two new components were added to the cell-free system : reticulocyte lysate and pirodavir (a capsidbinding compound ; Janssen Research Foundation). Both components have been shown to increase the efficiency of virus production in a cell-free system (Y. Verlinden, A. Cuconati, E. Wimmer and B. Rombaut, unpublished results). Briefly, the final volume of the reaction mixture was 25 µl. It included 17n5 µl ' master-mix ' (55 % cytoplasmic HeLa extract, 1n5 mM ATP, 296n5 µM GTP, 284 µM CTP and UTP, 14n8 mM creatine phosphate, 37 µg\ml creatine phosphokinase, 28 mM HEPES-KOH, pH 7n4, 37 µg\ml calf liver tRNA, 3 % amino acid mixture, 370 µM spermidine, 545 µM magnesium acetate, 1n31 mM magnesium chloride and 159 µM potassium acetate), 1 µl 250 µg\ml pirodavir, 2n5 µl rabbit reticulocyte lysate, 1 µl vRNA (approx. 600 ng\µl vRNA extracted from poliovirus type 1, strain Mahoney) and radiolabelled 14S subunits or 74S procapsids. The mixture was incubated at 34 mC for 15 h and the template RNAs were subsequently destroyed by treatment with RNase.
We first studied the behaviour of the 14S subunits. In all experiments, 3 µl of 14S subunits (33 000 c.p.m.) was added to the cell-free system. Three samples were prepared : (i) a control, i.e. addition of vRNA to the cell-free system was omitted (replaced by 1 µl RNase-free water) and radiolabelled 14S subunits were added 1 h after this mock programming ; (ii) the cell-free system was programmed with vRNA and radiolabelled 14S subunits were added 1 h post-programming (p.p.) ; and (iii) the cell-free system was programmed with vRNA and 14S subunits were added 8 h p.p. All three samples were incubated at 34 mC for 15 h and cooled on ice and samples were layered onto a 15-30 % sucrose gradient and centrifuged for 135 min at 180 000 g av at 4 mC in a Centrikon TST 41.14 rotor, in order to separate possible assembled 74S procapsids from virions. Results are presented in Fig. 1 . In the absence of programming with vRNA, neither procapsids nor virions were assembled (Fig. 1 A) . The initial 14S subunits remained 14S subunits. This is not unexpected, as the final 14S subunit concentration in the cell-free system was below the threshold concentration required for self-assembly (Rombaut et al., 1991) . In contrast, when the cell-free system was programmed with vRNA, 14S subunits were assembled into either 74S procapsids (when 14S subunits were added 1 h p.p. ; Fig. 1 B) or 74S procapsids and virions (when 14S subunits were added 8 h p.p. ; Fig. 1 C) . This suggests that the extraneous radiolabelled 14S subunits interact with unlabelled newly synthesized endogenous 14S subunits to form either 74S procapsids (addition of 14 S subunits 1 h p.p.) or virions, after interaction with vRNA (addition of 14S subunits 8 h p.p.) (see below for infectivity data for the newly formed virions).
The reason why 14S subunits are assembled into procapsids when they are added to the cell-free system 1 h p.p. and yet they can assemble into virions when they are added to the cellfree system 8 h p.p. relates to the properties of the cell-free system. In the cell-free system described here, viral protein synthesis, formation of capsid proteins and endogenous 14S subunits is fast, reaching a maximum at 2-3 h p.p. Viral RNA synthesis, however, starts much later and only reaches a maximum at 8-9 h p.p. (Y. Verlinden, A. Cuconati, E. Wimmer and B. Rombaut, unpublished results) . This means that, if extraneous 14S subunits are added to the cell-free system 1 h CHFC Role of 14S subunits in poliovirus encapsidation Role of 14S subunits in poliovirus encapsidation Fig. 1 . Separation of assembled procapsids from virions by sucrosegradient centrifugation. Radiolabelled 14S subunits (3 µl ; 33 000 c.p.m.) were added to the cell-free system (25 µl). Incubation was for 15 h at 34 mC. After incubation, samples were cooled on ice and possible assembled procapsids were separated from virions as described in the text. The cell-free system was mock-programmed (no addition of vRNA) and extraneous 14S subunits were added 1 h p.p. (A) or the cell-free system was programmed with vRNA and extraneous 14S subunits were added 1 h p.p. (B) or 8 h p.p. (C).
p.p., they interact with the available endogenous 14S subunits and assemble into 74S procapsids, but they can not associate with newly made genomic RNA. This is also exactly what happens if extraneous 14S subunits are added to an infected cell extract, in which no vRNA synthesis is found (Rombaut et al., 1991) . However, if extraneous 14S subunits are added to the cell-free system 8 h p.p., a time-point at which newly synthesized viral genomes are available, extraneous and endogenous 14S subunits can interact with the vRNA and assemble into virions. This recalls the hypothesis that only newly synthesized vRNA can be packed into capsids (Molla et al., 1991) . Further support for this hypothesis was found in the following experiment. A cell-free system was programmed with vRNA and 2 mM guanidine-HCl was added. The radiolabelled 14S subunits were added 8 h p.p. (as in Fig. 1 C) . After further incubation, the particles were separated as described in Fig. 1 . Results were identical to those described in Fig. 1 (B) ; i.e. the 14S subunits assembled into 74S procapsids and no virions were formed. This again demonstrates that active vRNA synthesis is required for virion assembly.
The antigenicity of the assembled empty capsids and virions was also determined by protein A-aided immunoprecipitation. MAbs N1 (against sites 2 and 3A) and N2 (against site 3B) were used, as well MAb H (Minor et al., 1986 ; Rombaut et al., 1990 a) . As shown previously, the radiolabelled 14S subunits had [N1,H] antigenicity (see Table 1 ). The assembled empty capsids (Fig. 1 B) and virions ( Fig. 1 C) had [N1,N2] antigenicity, which means that the H epitopes are lost during assembly and that a new neutralizing antigenic site is acquired (N2 or 3B). Consequently, the empty capsids and virions assembled in the cell-free system possess the same antigenic sites as procapsids or virions found in infected cells (Rombaut et al., 1990 a) . This again proves that assembly in the cell-free system is identical to the pathway found in vivo. Finally, the infectivity of the virion peak (Fig. 1 C) was determined by a classical plaque assay. The titre of the virions was 7n2i10' p.f.u.\ml. The particle to p.f.u. ratio was also determined and found to be approx. 200. The same values were found for endogenous assembled virions.
In a second set of experiments, radiolabelled 74S procapsids isolated from infected cells were used. They were again added to the cell-free system and incubations were performed exactly as described for 14S subunits. However, in none of the experiments was there any shift of radioactivity (results not shown). This confirms our previous hypothesis that empty capsids are dead-end particles. They are formed only when there is a temporary or continuing lack of vRNA (see also Fig.  1 B) .
Unfortunately, we were unable to repeat these experiments with purified preparations of the capsid precursor P1 or purified protomers VP0-VP3-VP1, since these polypeptides or their aggregate cannot be isolated in sufficient quantities (Boeye! & Rombaut, 1992) .
Previous studies had already yielded substantial evidence that 14S subunits are ' key ' assembly intermediates in poliovirus morphogenesis : (i) they are always present in cells infected with poliovirus and other picornaviruses (Putnak & Phillips, 1981) ; (ii) 14S subunits can assemble into empty capsids (Boeye! & Rombaut, 1992 ; Putnak & Phillips, 1981) ; (iii) by using a temperature block, they can be made to accumulate in infected cells and, after removal of the block, they can also be chased into mature virions in the infected cell (Rombaut et al., 1990 b) ; (iv) 14S subunits display the propensity to associate vRNA (Nugent & Kirkegaard, 1995) ; was performed with three MAbs recognizing the main neutralizing sites of poliovirus type 1 and one non-neutralizing antibody specific for H antigen (for details and description of the antibodies, see Rombaut et al., 1990 a) . Sedimentation profiles of the different particles are shown in Fig. 1 (A) (14S), (B cross-linked to vRNA by UV irradiation (Pfister et al., 1995) . In this paper, we have shown unequivocally that 14S subunits interact with newly synthesized vRNA and are assembled into virions.
The role of procapsids in poliovirus morphogenesis, on the other hand, has always been controversial. Although they are found in poliovirus-infected cells and respond to the drug guanidine as if they are precursors (Jacobson & Baltimore, 1968) , they are not universally present in cells infected with picornaviruses and are even not present in some tissue culture cells infected with poliovirus (Ghendon et al., 1972) . Moreover, they display no propensity to associate vRNA (Nugent & Kirkegaard, 1995) and, finally, they are not associated with the poliovirus replication complex and cannot be cross-linked to vRNA by UV irradiation (Pfister et al., 1995) . Our data indicate that procapsids are only assembled when vRNA is depleted. Procapsids are consequently dead-end products.
